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a b s t r a c t
Circulation in typical fjords is characterized by a shallow brackish layer at the surface over a deep long and
narrow saltwater column. This surface layer is responsible for the outﬂow of water from the fjord and is
important for ﬂushing of the basin and water quality maintenance. The vertical structure of circulation and
transport is known to be easily disrupted, and we postulate that the stability of fjordal circulation may also
be vulnerable to impacts from anthropogenic alterations, such as ﬂoating structures, which could constrict
the mixing and transport in the upper layers of the water column. First, using simpliﬁed fjord geometry and
a three-dimensional ﬁnite volume coastal ocean model (FVCOM), a baseline examination of tidally averaged
current proﬁles in basins with and without sills is presented. The response, varying from a partially mixed
estuary regime to classical fjord conditions matches many fjord-like basins such as those in Puget Sound,
Washington. The effect of surface obstruction on tidally averaged currents and residence times was then
examined by incorporation of a narrow block in the surface layer of the model across the width of the
simpliﬁed fjord channel such that normal velocity in the horizontal direction was forced to zero. This block
approximated the presence of a ﬂoating bridge and was further tested using the geometry of Hood Canal, a
fjordal sub-basin with a sill in Puget Sound. The results show that tidally averaged mean outﬂow under the
inﬂuence of such a constraint at the water surface could be reduced signiﬁcantly. In the case of Hood Canal,
preliminary results indicate that the presence of the ﬂoating bridgemight have increased the residence times
in the basin by 8–13%, which could be an important factor affecting water quality.
1. Introduction
The subject of two-layer circulation in deep-silled fjords has been
extensively researched and is considered relatively well understood
as reviewed and discussed by Pritchard [1], Cameron and Pritchard
[2], and Skjoldal et al. [3]. Fjords, deﬁned by their geomorphology,
are long, narrow inlets formed by glacial scouring, typically with sills
within or near their entrance, and many include a freshwater inﬂow
at the landward end. Stratiﬁcation in typical fjords is very strong in
the shallow and brackish surface layer, and weak over the remainder
of the deep water column. The mean circulation, especially during
high freshwater runoff, is restricted to a strong outﬂow in the upper
layer with an inﬂow immediately below the pycnocline. In the Paciﬁc
Northwest of North America, circulation in fjords such as Silver Bay
in Southeast Alaska, Knight Inlet in British Columbia, and the Strait of
Juan de Fuca, Hood Canal, and East Sound, have received considerable
attention. These studies were instrumental in the development of the
classic estuary classiﬁcation scheme by Hansen and Rattray [4] and a
power series solution for circulation in “ideal” fjords by Rattray [5].
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Circulation in “ideal” fjords is distinct in that the mean circula-
tion and mixing are dominated by the inﬂuence of freshwater runoff
over that of tidal currents, unlike what is commonly seen in a typical
coastal plain estuary. This balance between surface outﬂow of buoy-
ant freshwater and the corresponding inward-bound compensation
current is essential to sustaining the water quality and overall health
of fjord-like waterbodies such as Puget Sound. It is well known that
fjords tend to become anoxic, especially in the presence of a sill. This
is also the case in parts of Puget Sound, such as at Lynch Cove and
Dabob Bay in Hood Canal, where low dissolved oxygen (DO) condi-
tions have been observed since the 1950s (e.g., [6,7]). This area of
study is of great interest due to recurring ﬁsh kills in the 2000s (e.g.,
[8]). Fig. 1 shows the geographic location of the Puget Sound estuary
in Washington along with major sub-basins.
The analysis of East Sound in the San Juan Islands region of Puget
Sound by Rattray [5] and studies by a number of researchers (e.g.,
[11,12,13]) have shown that the classic fjordal structure of currents
and stratiﬁcation in the Strait of Juan de Fuca and other basins within
Puget Sound may easily be inﬂuenced by wind-induced coastal cur-
rents and upwelling. Summertimewinds from the north drive coastal
upwelling along the Paciﬁc coast, bringing cold, salty and nutrient-
rich deepwater to the surface. These high-nutrient low-DO waters
are frequently swept north up the coast of Washington into Strait of
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Fig. 1. (a). Oceanographic regions of Puget Sound and the Northwest Straits (Salish
Sea) including the inner sub-basins—Hood Canal, Whidbey Basin, Central Basin, and
South Sound. Tide data monitoring stations (1) Port Townsend, (2) Seattle, and (3)
Tacoma are also shown and (b) bathymetric proﬁle of Hood Canal.
Juan de Fuca during periods of weak or southerly winds [14]. Bot-
tom waters in Salish Sea including Hood Canal experience a steady
reduction in DO concentrations during this period. The major ﬁsh kill
event in September 2006 in Hood Canal has been associated with
southerly wind bursts after a long period of northerlies, which may
have resulted in upwelling of lowDOwaters to the surface layers (e.g.,
[15]). While local wind effects might have played a role in precipi-
tating the Hood Canal low DO event, wind-driven upwelling(s) are
natural episodic events, as are other natural factors such as sunlight
and external ocean conditions. However, despite episodic nature of
these recorded events, there is evidence supporting the hypothesis
that oxygen concentrations in the 1990s and 2000s have been con-
sistently lower in the southern reaches of Hood Canal than before the
1960s (e.g., [9]) suggesting the possibility that chronic stress due to
anthropogenic alteration may be at play.
The Hood Canal Bridge inWashington is one of 11 ﬂoating bridges
in the world in use. The geographic location of the bridge, about 10
km from the mouth of Hood Canal, is indicated in Fig. 1. Hood Canal
is a 110 km long narrow fjord like sub-basin of Puget Sound with
an average width of 2.4 km and a mean depth of 53.8 m and has a
sill approximately 10–20 km from the mouth. The ﬂoating section of
the bridge occupies ≈90% of the width of Hood Canal, leaving only a
small opening at the corners for small vessel trafﬁc. The bridge has
a design draft of 3.7 m. While this is a small fraction of the average
water depth at the bridge location (≈7%), it is a large fraction of the
surface outﬂow layer in this fjordal system and could contribute to
damping the exchange ﬂow and slow down the ﬂushing processes.
Although Hood Canal has been the topic of many investigations in the
past, there have been no prior attempts at quantifying the effects of
the ﬂoating structure on estuarine circulation.
In this paper, we investigate the possibility that the natural
oceanographic structure of fjordal stratiﬁcation and circulation could
be disrupted by anthropogenic hydraulic modiﬁcations of the sur-
face brackish layer. In particular, we examine whether the presence
of permanent ﬂoating structures (such as the ﬂoating Hood Canal
Bridge across the width of the canal) could cause alteration of the
circulation and ﬂushing characteristics. To assess the extent of the
possible effect, we ﬁrst developed baseline conditions for ideal fjord-
like estuaries with and without sills using a rectangular cross section
andusing a three-dimensional ﬁnite volume coastal oceanmodel (FV-
COM) [16]. In the absence of direct measurements, a semi-qualitative
validation of a numerical model was achieved through comparison
with an analytical model ﬁt. The FVCOM codewas thenmodiﬁed, and
an impermeable block (approximately representing the presence of
a ﬂoating bridge in the surface layer) was incorporated. The effect
of the surface block on circulation (velocity proﬁles and residence
times) was then compared to baseline conditions. Following tests
with ideal fjord geometries, the effect of the ﬂoating-bridge-block
was then tested on a realistic set-up using a previously calibrated hy-
drodynamic model of Hood Canal basin in Puget Sound, Washington.
Results from these modeling-based sensitivity tests performed using
ﬂoating bridge constraints indicate a potential for alteration of the
net residual circulation in an inland fjord such as Hood Canal.
2. Methods
As pointed out by Cokelet and Stewart [17], interaction among
multiple branches and sub-basins in actual fjords often creates con-
ditions more complex than in ideal fjords. Also, in many fjords with
large tidal velocities and weaker stratiﬁcation, circulation over the
sill may change the characteristics from an “ideal” fjord to one that
corresponds to a two-layer circulation, which extends to the bottom
or “partially mixed” estuary, as summarized by Dyer [18]. This is also
the case in some parts of Salish Sea, such as in the Strait of Juan de
Fuca along the U.S./Canada border. Another example is the entrance
to the main basin of Puget Sound where advective mixing over sill
near Admiralty Inlet creates a two-layered circulation system with
net outﬂow through the mixed surface, as discussed in Ebbesmeyer
and Barnes [19].
To eliminate the inﬂuence of other factors and to allow isolation
of the effect of hydraulic modiﬁcation at the free surface, analysis
was ﬁrst conducted using simpliﬁed fjord geometry. In the absence
of site speciﬁc ﬁeld data, simpliﬁed geometry also facilitates a semi-
qualitative validation of the ability of the numericalmodel to simulate
key characteristics of fjordal circulation at the selected resolution by
comparison to corresponding analytical solution.
2.1. Analytical model of a simpliﬁed fjord
Governing equations applicable to narrow, long fjordal estuaries
are the continuity and Reynolds momentum equations in a vertical
two-dimensional (x–z) coordinate system, an equation of state relat-
ing salinity to density, and the Boussinesq approximation and the hy-
drostatic assumption for pressure. Starting from the early work done
by Pritchard [1,20,21], variations of these basic equations have been
used by many researchers to develop analytical solutions for coastal
plain estuaries, well mixed estuaries, and partially mixed estuaries
(e.g. [5,22,23,24,47]).
Fig. 2 shows a schematic representation of the simpliﬁed fjord ge-
ometry selected for this analysis. The origin is located at the mean
tidal level at the mouth with the x-axis directed toward the open
ocean boundary and the z-axis being positive upwards. Fjord channel
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Fig. 2. Simpliﬁed fjord proﬁle section showing the principal dimensionsHc andHs , the
channel and sill depths (m), respectively. River inﬂow, Qr , occurs at the landward end
of the channel, and the fjord is subjected to incident tide from the ocean bounday near
the fjord entrance.
depth and sill depth are Hc and Hs (m), respectively. Qr is the fresh-
water river inﬂow (m3/s), andW is the width (m). Under steady-state
conditions, the simpliﬁed governing equations may be expressed as
follows:
∂u
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P = ρ · g · (η − z) (3)
Eqs. (1) and (2) are continuity and momentum equations in the x-
direction, assuming that the longitudinal momentum diffusion terms
are small for long, narrowestuaries. Eq. (3) is the hydrostatic pressure,
where u(x,z) andw(x,z) are velocities (m/s) in the x and z directions, ρ
is the density of water (kg/m3), η (x) is the free surface elevation (m),
and Km(z) is the vertical eddy viscosity coefﬁcient (m2/s). For fjordal
waters and partially mixed estuaries, the equation of state may be
approximated by
ρ = ρ0 · (1 + β · s) (4)
where s(x,z) is salinity in practical salinity units (psu), and β ≈ 7.7 ×
10−4 psu−1 [25].
The salt balance is given by the steady state advection–diffusion
balance:
u
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(5)
where Ks(z) is the vertical eddy diffusion coefﬁcient (m2/s).
For the special case of a fjord without a sill (channel depth Hc =
sill depth Hs = H, constant) and a uniform rectangular cross section
of width W, it is possible to derive an analytical solution of above
governing equations in a closed form. Khangaonkar et al. [26] utilized
an exponential form of vertical eddy viscosity parameter Km (Km =
Kmo·e− aζ and Ks = δ·Kmo·e− aζ ) to derive a solution applicable to
highly stratiﬁed fjordal estuaries where ζ = z/H is non-dimensional
form of depth variable, Kmo is the eddy viscosity at the surface and
“ a” is referred to as the depth penetration factor, and δ is the ratio
of eddy viscosity to eddy diffusivity. By varying model parameters
such as depth averaged salinity gradient ∂s/∂x, eddy viscosity depth
penetration factor “ a”, and the surface eddy viscosity and eddy diffu-
sivity, theywere able to ﬁt the solution to tidally averaged currents in
various sub-basins of Puget Sound. This solution is known as variable
Km solution for highly stratiﬁed estuaries (see [26] and Appendix A).
However, the analytical model, designed for inﬁnitely long chan-
nels with uniform cross section, is not applicable to site-speciﬁc hy-
draulic effects of sill bathymetry. Similarly, incorporation of localized
disturbances of free surface throughmodiﬁcation of free surface con-
dition is beyond the inherent length scale approximations built into
the Hansen and Rattray type of solution. We also recognize that al-
though the selection of exponentially increasing eddy viscosity pro-
vides an elegant solution in closed form, it has not been conﬁrmed
through ﬁeld measurements. In reality, the eddy viscosity likely in-
creases with depth up to a reasonable upper limit, beyond which the
velocity is zero and there is no further effect on the velocity proﬁles.
Due to these limitations and inherent simplifying assumptions in the
analytical model, a numerical modeling approach was adopted as the
primary analysis tool and the analytical model solution was used to
validate the numerical model response in a qualitative manner.
2.2. Numerical model of a simpliﬁed fjord
The ﬁnite volume coastal ocean model FVCOMwas used to set up
the numerical model of the simpliﬁed fjord. FVCOM solves the 3D
momentum, continuity, temperature, salinity, and density equations
in an integral form. The model employs the Smagorinsky scheme for
horizontalmixing [27] and theMellor-Yamada level 2.5 turbulent clo-
sure scheme for vertical mixing [28]. Themodel has been successfully
applied to simulate hydrodynamics and transport processes in many
estuaries, coastal waters, and open oceans [26,29–38,46]. The ability
to analyze the effects of submerged structural obstructions such as
groins on circulation [39] has recently been added to FVCOM.
The physical dimensions of fjordal channel representation were
width W = 2300 m, sill depth Hs = 50 m, and channel depth Hc =
130 m. Two sets of scenarios were considered, one with the sill and
one without. These dimensions were deliberately selected to match
the average characteristics of Hood Canal, the basin of interest in
Puget Sound. Hydrodynamic models of Puget Sound with Hood Canal
included have been developed previously using FVCOM at varying
grid resolution [26,36]. For examining residual circulation, ﬂushing,
and water quality in the system requiring multi-year model runs, a
computationally efﬁcient intermediate scale model was developed
through sensitivity tests of grid size and intensity as part of our prior
Puget Soundwidemodel development efforts. A grid with an average
cell size of 800m in Puget Soundmain basin and 250m near the river
mouths and inlets, and 10 vertical layers allowed satisfactory char-
acterization of the complex shorelines and mid basin islands while
retaining the quality of hydrodynamic solution although at coarser
spatial scale. The calibrationof thismodel of Puget Sounddemonstrat-
ing skill in reproducing observed historical datawas demonstrated by
Khangaonkar et al. [26].
For this study also, a ﬁnite volume grid using 800 m cells consis-
tent with the previously tested conﬁguration was developed for an
80-km-long fjordal channel as shown in Fig. 3(a). A sigma-stretched
coordinate system was used in the vertical plane with 10 terrain-
following sigma layers distributed using a power law function with
exponent P Sigma = 1.625 resulting in a higher density of layers near
the surface. P Sigma is the power in the formula:
σ (k) =
[
k− 1
kb − 1
]P Sigma
(6)
which is used to distribute kb number of standard sigma layers in
the water column. Layer number 1 corresponds to the surface layer
and kb is the bottom layer. This vertical distribution choice results in
top 3 of the 10 model layers to be in the upper 14% of the water col-
umn. In the simpliﬁed fjord scenario, this corresponds to a thickness
of 18.2 m in the deep channel and 7 m over the sill. Through sensi-
tivity tests, this distribution of higher density layers near the surface
was found to provide a reasonable resolution of vertical structure and
a solution comparable to a 30-layer setup with uniformly distributed
sigma-layers, while providing signiﬁcant added computational efﬁ-
ciency. The bottom friction used was the quadratic law with the drag
coefﬁcient determined by the logarithmic bottom layer as a function
of bottom roughness [40].
National Oceanic and Atmospheric Administration (NOAA) main-
tains tide data stations at seven locations in the study area (Neah Bay,
Port Angeles, Port Townsend, FridayHarbor, Cherry Point, Seattle, and
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Fig. 3. (a) Model grid proﬁle section showing 10 sigma-stretched layers for the sim-
pliﬁed fjord geometry with the sill and (b) incident tides time history speciﬁed at the
ocean boundary at the fjord entrance using M2 and K1 tidal components from Puget
Sound, Washington.
Tacoma). For simplicity, representative tidal boundary conditions at
the entrance to the channel were speciﬁed using two major har-
monic tidal constituents (M2 and K1) based on NOAA observations
taken from the station nearest to Hood Canal open boundary at Port
Townsend,Washington. An example of the composite tidal elevations
along the openboundaries is shown in Fig. 3(b). Constant temperature
and salinity values (8.7 ◦C and 30.5 ppt) based on historical monthly
observations were speciﬁed along open boundaries. Initial salinity
and temperature values were also set to the same values, and water
surface elevations and currents were set to zero. River inﬂow, Qr, at
the landward boundary was set at 139 m3/s with a salinity of 0 ppt,
and ambient temperature of 8.7 ◦C. These physical dimensions of the
simpliﬁed fjord, river inﬂow, and tidal forcing were based on repre-
sentative conditions from the Hood Canal sub-basin in Puget Sound,
Washington. The typical radiation boundary conditionused in FVCOM
is based on an upwind advection schemewhere concentrations at the
boundary alternate between the prescribed value (during inﬂow) and
the concentrations of the immediate interior nodes (during outﬂow).
By running the model over a spin-up period using the above steady
freshwater inﬂow, tides, and temperature salinity boundary condi-
tions, we were able to generate a dynamic stable condition which did
not require nudging back to initial values.
The FVCOM model, which uses the technique of mode splitting,
was run for a period of 112 days using an external mode time step
of 2 s and internal mode time step of 10 s. The results were averaged
over the ﬁnal 56 days to generate tidally averaged current and salinity
proﬁles. Fig. 4(a) and (b) shows velocity vector plots in proﬁle view
of tidally averaged circulation in simpliﬁed fjordal basins, without
and with sill, respectively. As seen in Fig. 4(a), the tidally averaged
currents near the bed are near zero, a strong outﬂow occurs through
the surface layer, and an inﬂowoccurs immediately below the surface
layer. The circulation pattern in a fjord with a sill is more complex
due to the effects of hydraulic control (constriction due to depth) and
added mixing exerted by the sill. Due to the large depths typically,
velocities away from the sill are small but the familiar pattern of
surface outﬂow and inﬂow higher in the water column are notable in
Fig. 4(b).
The ability of the numerical model to generate solutions consis-
tent with established estuary classiﬁcation per deﬁnitions proposed
by Hansen and Rattray [4] based on ranges of non-dimensional veloc-
ity and salinity ratios (δs/s and us/u) was tested. Table 1 lists selected
estuary dimensions, and resulting velocity, and stratiﬁcation ratios.
In Table 1, δs/s is the ratio of top to bottom salinity difference to
Fig. 4. Longitudinal proﬁle of tidally averaged currents simulated using the simpliﬁed
fjord geometry (a) without the sill and (b) with the sill. The results are based on 112
days of simulation averaged over the last 56 days.
mean salinity over the section, and us/u is the ratio of tidally aver-
aged surface current to integral mean velocity and is considered the
simple measure of circulation. Fig. 5 shows tidally averaged veloc-
ity and salinity proﬁles from a representative station near the sill
location, approximately 20 km from the mouth of the channel. The
numerical solution (circles) in the case of shallow, partially mixed es-
tuary shows characteristics of the classic cubic proﬁle of Hansen and
Rattray (1965), Dyer [18], and MacCready [24]. The outﬂow magni-
tude is highest near the surface and decreases with increasing depth,
changes direction and reaches a peak inﬂowvalue immediately below
the depth of zero motion and asymptotically decreases to 0 with in-
creasing depth. The numerical solution for fjord-like estuary and the
simpliﬁed fjord with sill matches the qualitative features described
in Rattray [5] and Khangaonkar [26]. Fig. 5 also provides a variable
Km solution ﬁt for fjord like channel estuaries without sill. The as-
sociated surface eddy viscosity (Kmo), eddy diffusivity (δ.Kmo), and
depth penetration factors (a) used in generating the ﬁt are provided
in Table 2. Note that the values presented in Table 2 are parameters
in the analytical formulation only, and although their magnitudes are
small near the surface, they increase exponentially with depth. These
parameters from the analytical formulation are not in any way trans-
mitted to the numerical model. As described previously, the eddy
viscosity and diffusivity values in the FVCOM model are computed
internally through Smagorinski and theMellor–Yamada level 2.5 tur-
bulent closure schemes for horizontal vertical mixing, respectively.
These turbulence schemes have provided good performance in re-
producing the observed current proﬁles and stratiﬁcation in Salish
Sea including Puget Sound and inner sub-basins [26,41,36] and were
therefore retained for consistency.
In the absence of ﬁeld data, a ﬁt using analytical formulation serves
as a semi-qualitative validation of the numerical solution for tidally
averaged circulation (velocity proﬁles and stratiﬁcation) for the base-
line scenarios. The analytical solution is not directly applicable to
the simpliﬁed fjord (with sill) scenario. However, the effect of the
hydraulic control provided by the sill is clearly visible in the charac-
teristic shape of the fjordal velocity proﬁle in the vicinity of the sill.
Additional model runs were conducted with the numerical model of
the simpliﬁed fjord with the sill. Results showed that the response is
highly dependent on site-speciﬁc features such as the shape and size
of the sill and relative location of the station with respect to the sill.
Hence, simpliﬁed fjord with the sill was not pursued further instead
a direct application to a real fjord was considered in Section 3.
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Table 1
Simpliﬁed fjord baseline scenarios—estuary dimensions and resulting velocity and salinity ratios.
Scenarios Length (m) Width (m)
Channel depth,
Hc (m) Sill depth, Hs (m) Inﬂow Qr (m
3/s) us/u δs/s
Shallow partially
mixed estuary
(no sill)
80,000 2300 5 130 13 0.4966
Fjord-like
estuary (no sill)
80,000 2300 25 130 76 0.2431
Simpliﬁed fjord
(with sill)
80,000 2300 130 50 130 352 0.2733
Fig. 5. Tidally averaged current and salinity proﬁles at the “sill” location for (i) shallow
estuary, (ii) fjord-like channel, and (iii) simpliﬁed fjord channel with a sill. The circles
represent a 56-day average of currents and salinity simulated by numerical model.
Analytical solution is provided for semi-qualitative validation.
Table 2
Variable Km analytical solutionmodel parameters for the simpliﬁed fjord like estuaries
baseline scenarios.
Scenarios
Surface
eddy
viscosity,
Kmo (m2
s−1)
Surface
eddy
diffusivity,
Kso (m2 s−1)
Depth
penetration
factor, “a”
Salinity
gradient, ∂s/∂x
(ppt m−1)
Shallow
partially
mixed
estuary (no
sill)
3.5 × 10−5 1 × 10−5 −3 6.51 × 10−4
Fjord-like
estuary (no
sill)
5 × 10−6 1 × 10−6 −10 1.27 × 10−5
3. Results—alteration of free surface currents and circulation by
a ﬂoating block
3.1. Flexible lid test—simpliﬁed fjord-like estuary (no sill)
A hypothetical scenario consisting of a free surface lid was con-
sidered ﬁrst to serve as a test of the structural block routine to be in-
corporated into the numerical model. Unlike conventional rigid lids,
considering the tidal setting, this lid is assumed to be ﬂexible andwith
zeromass. It is allowed ﬂoat on the surfacewith tide and occupies the
surface layer of the numerical model (top 2.3% of the water column
corresponding to the thickness of the surface layer of the numerical
model). The effect of this alteration is that horizontal velocity in the
surface layer is forced to a zero value. This hypothetical lid occupies
the entire domain and was selected because it tests the stability of
the numerical scheme by subjecting it to extreme conditions. It also
allows derivation of the corresponding analytical solution in a closed
form. The analytical solution based on an extension of the variable
Km solution for a forced “zero” free surface velocity condition was
derived and is presented in Appendix B.
To ensure the compatibility with the analytical solution assump-
tion, the ﬂexible lid numerical model test case was set up using the
Fjord-like estuary conﬁguration with constant width and depth rect-
angular cross section (Table 1). The implementation of the imper-
meable surface block into FVCOM involved the modiﬁcation of both
external as well as internal modes of the solver. For the baroclinic
internal mode, the horizontal velocities at the selected cells and sur-
face layers were always speciﬁed as zero such that no horizontal ﬂow
was allowed to pass through. During the barotropic external mode
calculations, the cross-sectional water column depth at selected cells
occupied by the block was adjusted to a new reduced value, by sub-
tracting the blocked layer thickness from the total water depth. This
modiﬁcation accommodates the presence of the rigid structure but
is an approximation as non-hydrostatic components of the pressure
term which are likely to be strong in the nearﬁeld are neglected. The
modiﬁed code was ﬁrst tested on steady state riverine conditions
using constant inﬂow and ﬁxed blocks to ensure mass balance and
velocity response proportional to change in cross sectional area.
The results of the 112 days of numerical simulationwith the struc-
tural block representing theﬂexible lid in place, averagedover ﬁnal 56
days, are shown in Fig. 6. The ﬂexible lid held the free surface longitu-
dinal outﬂowvelocity to zero, and the tidally averaged velocity proﬁle
was altered. Peak inﬂow, which previously occurred between 30 and
40% of the depth, now occurs at 75% depth. The results indicate that
the free surface lid also induced additional mixing causing a change
in the proﬁle shape. This is also reﬂected in the salinity proﬁles. The
surface lid restricts the outﬂow of freshwater, and the forced mixing
reduces average salinity causing a deeper brackish layer to develop
also resembling the characteristic shape of partially mixed estuaries.
The velocity result at ζ = 0.4 did not fall in line with the rest of the
points and the anomaly could be related to insufﬁcient run time be-
fore tidal residual average was computed. Using the resulting depth
averaged salinity gradient (∂s/∂x = 1.16 × 10−4 ppt/m) it is possible
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Fig. 6. Flexible lid scenario—numerical solutions generatedusing the fjord-like estuary
model scenario with lid are shown (circles). The solid line represents the analytical
solution for case where eddy diffusivity, eddy viscosity, and depth penetration were
unaffected from the baseline values presented in Table 2. A variable Km analytical
solution was ﬁtted to the numerical result to capture the change from baseline values
and dashed lines represent analytical solutions for varying eddy viscosity, diffusivity,
and depth penetration coefﬁcients values. Six different analytical solution possibilities
are presented based on variation in mixing properties that could occur as a result of
the change in surface currents.
to match this response by adjusting the surface eddy diffusivity (Kmo
= 1.8 × 10−3 m2/s), surface eddy viscosity (1.8 × 10−5 m2/s) and
depth penetration factor (−3).
This hypothetical lid over the entire domain is an extreme condi-
tion that likely generated excessive damping and alteration of vertical
mixing characteristics. It is, however, possible to generate different
analytical proﬁles corresponding to the situation where the surface
lid has reduced or had minimal impact on the overall viscosity and
diffusivity coefﬁcients. Fig. 6 shows velocity and salinity response for
varying Km, Ks, and “a” values. Six different analytical solution pos-
sibilities are presented based on variation in mixing properties that
could occur as a result of the change in surface currents. If the hy-
pothetical lid behaved such that its thickness was negligible and the
eddy diffusivity, eddy viscosity, and depth penetration were unaf-
fected from the baseline values presented in Table 2 (fjord-like estu-
ary channel without sill), then the circulation retains original proﬁle
characteristics but with modiﬁcations corresponding to zero surface
velocity boundary condition. The analytical solutions for this hypo-
thetical scenario indicate that the circulation would be damped with
reduction in tidal exchange inﬂow of ≈34% for the scenarios tested.
In realistic settings, however, free-surface disturbances are expected
to be localized, and the analytical solution, which was derived for
length scales of the order comparable to salt intrusion length scale, is
not applicable.
3.2. Floating bridge test—simpliﬁed fjord-like estuary (no sill)
A much lower impact may be expected for blocks with length
scales  (much less than) salinity intrusion or tidal excursion scales.
Fig. 7. Hood Canal Bridge layout with pontoon cross section and east span details.
Detail ‘A’ is a sectional view across the width of the bridge. Detail ‘B’ is a proﬁle view
of the opening at the end of the ﬂoating section.
To evaluate the possible effect of a realistic localized alteration such as
that caused by a large ship or a ﬂoating bridge on residual circulation
and therefore ﬂushing characteristics, a direct site-speciﬁc numerical
application is necessary. As described in Section 1, the Hood Canal
Bridge in Washington is well suited for this assessment. The geo-
graphic location of the bridge, about 10 km from the mouth of Hood
Canal, is indicated in Fig. 1. A cross-sectional view of the Hood Canal
Bridge ﬂoating pontoon structure across the width of the Hood Canal
is shown in Fig. 7. The pontoons are 5.48 m in height, designed to be
submerged to a draft of 3.7–5.5 m (12–16 ft). The water depth under
the bridge pontoons varies from 24 m near the shores to 104 m near
the center, with an average depth of ≈50 m for the cross section.
This implies that, for all practical purposes, the upper 7.4–11.1% of
the water column is blocked by a long ﬂoating vessel of connected
pontoons that occupies≈90% of the width of the channel. The surface
transport during the ﬂood and ebb is thus forced to pass under the
ﬂoating structure.
The structural block scheme described in the previous section for
the ﬂexible lid was ﬁrst tested using the simpliﬁed 80,000-m-long
fjord-like estuary channel with constant width and depth of 2300
m and 25 m, respectively (Table 1). The model grid used 10 terrain-
following sigma layers distributed using a power law function with
exponent P Sigma= 1.625. A representative bridge section occupying
the upper two layers of themodel was used. For the 25-m-deep fjord-
like estuary, this block corresponds to a bridge with a draft of 1.85 m
(7.4%). Themodel grid was set upwith higher resolution at the bridge
location to accommodate the 18-m-wide bridge pontoons section.
Fig. 8(a) shows a plan view of the model grid at the bridge section. As
a precaution tominimize potential instabilities or numerical diffusion
induced errors, we did not include the small openings at the ends that
exist at Hood Canal Bridge for vessel trafﬁc. This enabled us to focus
on the vertical 2D structure without introducing the complexity of
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Fig. 8. (a) Plan view of FVCOM model grid detail near the bridge section with cell
lengths reﬁned from from 800 m to 9 m. The bridge section is two 9-m cells wide. (b)
Numerical solutions generated using the fjord-like channel without sill. Tidally aver-
aged current and velocity proﬁles with bridge (circles marked with dashed line under
the bridge) and baseline without bridge (line marked with triangles) are compared.
lateral ﬂows.
Fig. 8(b), consistent with previous tests, shows results of 112 days
of numerical simulation averaged over ﬁnal 56 days. As expected,
tidally averaged surface velocity at the bridge face is held to zero by
the structural block, and the peak outﬂowvelocity is reduced by≈42%
from 0.14 m/s at the surface to 0.08 m/s under the bridge. Similarly,
inﬂow velocity at depth is reduced as well and is distributed over
a larger depth. The effect of the bridge on stratiﬁcation is small but
noticeable near the surface and immediately landward side (south)
of the bridge. In the upper two layers, the outﬂow is blocked, and
the water is forced to mix with lower layers resulting in an increase
in salinity by 1–2 psu. Similarly, in the layers immediately below,
the effect of this mixing is to reduce salinity from baseline conditions,
resulting in overall reduction in stratiﬁcationof theupper layers of the
water column. The change in the lowerwater columndoes not appear
to be signiﬁcant but is toward lower salinity indicating increased
retention of freshwater in the system.
3.3. Floating bridge test—Hood Canal, Washington, USA
Hood Canal is a temperate fjordal sub-basin of Puget Sound that
connects to the main basin at the southern end of Admiralty Inlet, as
shown in Fig. 1. It is approximately 110 km long, with awidth varying
from 2 to 4 km. The deepest areas of the canal are more than 180 m,
but become shallow near the 10-km-long sill located approximately
20 km from the mouth. The depth of the sill at its shallowest is about
45 m. Hood Canal receives freshwater inﬂow from the Dosewallips,
Duckabush, Hamma Hamma, Skokomish, and Tahuya rivers. Circula-
tion in Hood Canal is driven by tides that enter the basin from Puget
Sound and propagate south into the canal over the sill. Long-term
velocity measurements in Hood Canal, as in Puget Sound, are limited
and the fjordal character of this basin has been primarily inferred
from historical salinity proﬁle measurements summarized in Cokelet
Fig. 9. (a)Hydrographs of river inﬂows toHoodCanal, 2006, (b)water surface elevation
at Ayok Point Hood Canal, comparison of simulated results with with XTIDE predicted
data, and (c) salinity in Hood Canal, comparison of simulated salinity with measured
data for 2006.
et al. [42]. More recent data, collected as part of the Hood Canal Dis-
solved Oxygen program from 2007, were presented by Sutherland et
al. [43] along with comparison to model results. This new data set
also showed weak surface outﬂow and inﬂow in Hood Canal. Tidally
averaged circulation in Puget Sound sub-basins was examined by
Khangaonkar et al. [26] using an unstructured grid model of Puget
Sound. Their results, with comparison to historical data, reconﬁrmed
that although residual currents in Hood Canal are weak (peak tidally
averaged outﬂow and inﬂow magnitudes typically <0.1 m/s), the
circulation and stratiﬁcation characteristics are distinctly fjordal in
nature.
The Hood Canal model grid and geometry were cut out from the
previously developed Puget Sound circulation and transport model
[26]. The bathymetry of Hood Canal in regions exceeding the prin-
ciple of “hydrostatic consistency” [44] were smoothed following the
criterion dH/H < 0.2 where H is the local depth and dH is change in
depth between adjacent node. The total water volume of Hood Canal
basin following smoothing was conserved by adjustment of water
depth throughout the basin. Fig. 9(a) shows river inﬂow hydrographs
from the six gaged rivers entering Hood Canal. Average total inﬂow
into Hood Canal for 2006was 139m3/s, but the peak total inﬂowdur-
ing the winter months reached 1234 m3/s. A stand alone calibration
of the Hood Canal portion of the model based on a baroclinic sim-
ulation that included both temperature and salinity dynamics was
performed from January 1 to December 31, 2006. The details of that
effort are presented in a paper by Kim and Khangaonkar [45] are not
reproducedhere but Fig. 9(b) and (c) are examples ofmodel validation
with comparison ofmeasured and simulatedwater surface elevations
and surface and bottom salinity at the Ayock point station and HCB3
stations located roughly at the center of the basin, midway between
Hamma Hamma and Duckabush rivers.
Although this region experiences strong tides, the residual cur-
rents are still relatively small and the residence time is nearly 9
months [41]. We expect that physical presence of the bridge will
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Fig. 10. Modiﬁed Hood Canal model grid with reﬁned section for the ﬂoating bridge.
Average cell size is 735m, and a smallest cell size is 9m, half thewidthof the18-m-wide
pontoons of Hood Canal Bridge.
alter local currents, but its effects on the residual circulation and res-
idence time could be easily missed, buried under the noise of natural
variability. To isolate the effect of the bridge, we set up the model
such that all parameters other than tides were held steady. For this
analysis concerning the effect of the ﬂoating bridge on residual cir-
culation, the Hood Canal model application was modiﬁed to limit the
variability associated with atmospheric and hydrological forcing. The
effects ofmeteorological forcing componentswere eliminated by set-
ting wind to zero and shutting off heat exchange. The river inﬂows
were set to a constant value corresponding to year 2006 average for
each river totaling up to 139 m3/s. Skokomish, Hamma Hamma, and
Dosewallups Rivers shown in Fig. 10 were the largest inﬂows at 56.9
m3/s, 23.5 m3/s, and 20.9 m3/s, respectively, and were introduced
into to the domain distributed in proportion to sigma layer depths
at a salinity of zero and nominal temperature of 8.7 ◦C. The inﬂows
were treated using the “calculated” option within FVCOM in which
the model determines the salinity and temperature by the adjusted
net ﬂux and mixing at the inﬂow location.
Tidal forcing from the Puget Sound was speciﬁed using two major
harmonic tidal constituents (M2 and K1) based on NOAA observa-
tions taken from the station at Port Townsend, Washington (Fig. 3),
consistent with the forcing used in simpliﬁed fjord-like estuary chan-
nels discussed previously. It is noted that this simpliﬁcation does not
allow consideration of potentially important physical effects of fort-
nightly modulation of estuarine circulation arising from O1 and S2
constituents. Similarly, temperature and salinity boundaries at the
mouth were set to constant values of 30.4 and 8.7 ◦C, respectively,
based on measured data. The Hood Canal model grid was updated
from that used in Kim and Khangaonkar [45] to now include a highly
reﬁned section corresponding to the ﬂoating bridge dimensions, as
shown in Fig. 10. Also, the sigma layer distribution exponent P Sigma
was adjusted to 2.173 such that the thickness of the upper three lay-
ers matched the design draft of Hood Canal Bridge draft (3.7 m, 7.3%
of water depth).
A year-long simulation of Hood Canal basinwas initiated,with and
without the bridge block, to evaluate the effect on residual circulation.
The results were consistent with previous sensitivity tests with the
fjord-like estuarine channels. The presence of the bridge blocked the
upper layer brackish outﬂow and increased mixing near the bridge.
Fig. 11. Predicted surface salinity contours in Hood Canal during peak ebb in the pres-
ence of the ﬂoating bridge. The effect of the bridge on salinity contours during the ebb
is visible as lower salinity water (difference of ≈1–2 psu) on the southern (landward)
side of the bridge. The insert shows tidally averaged velocity proﬁles simulated at the
bridge location, without the bridge (baseline), and with the bridge.
With distance from the bridge, the modiﬁcation of tidally averaged
velocity proﬁles was less apparent. Fig. 11 shows the simulated effect
of the bridge on surface salinity during peak ebb tidal ﬂow. The ob-
struction to brackish outﬂow resulting in piling up of water behind
the bridge is noticeable in the contour plot. Although the bridge draft
occupies only a small fraction of the water depth, the brackish wa-
ter outﬂow is susceptible to be blocked by obstruction in the surface
layers due to its buoyancy resulting in increased residence. The effect
of constant 30 ppt salinity at the open boundary is visible but due to
the net surface outﬂow, this effect is restricted to the region near the
boundary and does not propagate and impact the solution inside the
domain. Also included in Fig. 11 is an insert which shows a tidally
averaged velocity proﬁle under the bridge with zero velocity in the
upper three model layers.
In riverine settings, conventional bridge piers and support struc-
tures are designedusinghydraulic engineeringprinciples tominimize
backwater effects and excessive scour.When the structure in the ﬂow
path occupies a small fraction of the natural cross section, it is reason-
able to assume that the effects, especially in the far-ﬁeld, are likely
to be small. In well mixed shallow estuarine settings, the effects of
dock and bridge piers on stratiﬁcation and currents can be signiﬁ-
cant locally are but often not noticeable far from the structure (e.g.,
[46]). At ﬁrst glance it appears that the sensitivity tests in Hood Canal
basin, described above, also provide similar results. The presence of
the ﬂoating bridge was shown to have altered currents and stratiﬁca-
tion and the effects were most noticeable in the immediate vicinity
of the bridge. Fig. 12 provides an x–z plot of velocity vectors on an
along-channel transect during the peak ebb. As shown in the ﬁgure,
the effect of the bridge pontoon obstructing the outﬂow is clearly
visible in the surface layers however the built-in hydrostatic approx-
imation and the selected grid size has limited the resolution of the
eddies in the lee of ﬂow.
4. Summary and discussion
A combination of numerical and analytical solutions was used to
examine the possibility that ﬂoating structures in the path of surface
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Fig. 12. Example of nearﬁeld effect of the bridge pontoon on currents shown through
an x–z plot of velocity vectors on an along-channel transect during peak ebb.
outﬂow could impact fjordal circulation. In particular, we tested the
potential effect of the presence of the ﬂoating structure (the Hood
Canal Bridge) across the width of the Hood Canal on residual circu-
lation. The results indicate that although the bridge occupies only
a small fraction of the cross section, its presence produces a local
zero-velocity surface boundary condition that dampens the current
magnitudes especially in the upper water column and slows down
the fjordal water renewal process.
A fjordalwaterbodywith a sill such as Hood Canal is different from
rivers and shallow estuaries. Tidally averaged currents in these type
of fjords are small (typically <0.2 m/s) with residence times of the
order of several months to seasons. The possibility that a small ﬂoat-
ing structure could alter circulation and exchange ﬂow, impacting
ﬂushing and bottom water renewal in Hood Canal, is not apparent.
A simple ﬂushing analysis was conducted to directly compute the
effects of ﬂoating bridges on residence times for the simpliﬁed fjord-
like channel and the Hood Canal basin cases using a conservative
substance. The basins were ﬁlled with a uniform tracer with con-
centration of 1 unit, and the concentrations of the constituent in the
inﬂow and open boundary were set to 0. The model runs, described
in the previous sections, were then repeated with and without the
bridge. The constituent was introduced into the basin after a spin-up
period of 1 year and allowed to ﬂush out. The resulting concentration
was tracked at three representative stations near the outer basin, mid
basin, and inner basin stations located 60 km, 45 km, and 24 km from
the ocean boundary respectively. Open boundary condition for the
dye variable was also treated with the radiation boundary condition
based on upwind advection scheme, same as that used in FVCOM
for temperature and salinity. New water at zero dye concentration
enters the domain at depth and surface outﬂow ensures that concen-
tration ﬁelds inside the model interior escape without being trapped.
Although the effect of zero dye concentration at the surface is seen
during ﬂood tide, it is washed out during ebb and does not propagate
into the model domain.
Fig. 13(a) shows the depth averaged concentration of constituent
as a function of time, with and without the bridge for the 25-m-
deep fjord-like channel. Fig. 13(b) shows similar plots for the Hood
Canal Basin. The station locations (inner basin, mid basin, and sill)
are indicated on Fig. 10. The concentrations in both basins reduce
exponentially. The shallower channel is ﬂushed out within 70 days,
using an e-folding (1/e) concentrationof 0.3679 tomark the endof the
test. The Hood Canal Basin e-folding residence time is considerably
higher, varying from 136 days near the sill to 234 days in the inner
reaches (see Table 3) days. Both basins show an increase in residence
timewith the bridge in place. The effect of the bridgewith 1.8-mdraft
on the shallower 25-m-deep basin is signiﬁcant, resulting in nearly
19% longer residence time. The effect of the 3.7-m draft bridge on the
Hood Canal Basin is lower than the channel but consistent, resulting
in 8–13% longer residence time with the bridge.
To minimize inﬂuence of natural variability on this assessment,
many forcing parameters were held steady. Wind was set to zero,
tidal forcing was limited two major components, open boundaries
were held at constant salinity and temperature, and the freshwater
Fig. 13. Flushing analysis. Time history showing concentration of conservative dye
reduced from the initial condition of 1 unit to the end point concentration of 1/e units
(0.3678): (a) simpliﬁed fjord-like estuarine channel, H = 25 m and W = 2300 m, and
(b) Hood Canal basin.
Table 3
Residence time (time in days for depth averaged concentration at a station to reduce
from 1 to 1/e) in days—Hood Canal Basin, with and without the ﬂoating bridge.
Station location Scenario
Residence time
(days)
Relative increase in
residence time
Sill Without bridge 136 13%
With bridge 154
Mid basin Without bridge 173 10%
With bridge 191
Inner basin Without bridge 234 8%
With bridge 252
inﬂow for both tests was 139 m3/s, which is the annual average in-
ﬂow to Hood Canal. Clearly these are simpliﬁcations which also do
not account for estuarine exchange between Puget Sound and the
Strait of Juan de Fuca and therefore associated ﬂushing estimates
must be interpreted accordingly. A number of other simpliﬁcations
and approximations were also introduced in this assessment. Clearly,
considering the differences in scales, increasing the model resolution
in vertical as well as in horizontal directionswould improve the accu-
racyof residence timeestimates. Thebridgeblockwas introduced into
the hydrostatic version of the FVCOM model and therefore includes
errors associated with non-hydrostatic components of the pressure
term close to the structure. Boundary friction under the bridge was
not considered and corresponds to a slip boundary condition. Also,
the geometry of Hood Canal under the bridge was simpliﬁed to a con-
stant depth to allow the sigma layer thicknesses, including the bridge
draft, to be a constant across the width. It is also important to note
that due to lack of site speciﬁc nearﬁeld data, validation of the model
to a level of sophistication needed to deterministically solve the prob-
lem was not feasible. The approach adopted was to use a previously
calibrated model of the Hood Canal basin to generate baseline condi-
tions. The analytical model of estuarine circulation presented in the
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paper was only used as a check to ensure that the baseline conditions
correctly represented fjordal features of Hood Canal. Speciﬁcally, the
analytical model was used as a qualitative test of the ability of FV-
COMmodel with its built-in turbulence closure schemes, to generate
characteristic features of fjords such as brackish outﬂow in 10–15%
of the water column and a compensatory inﬂow immediately below.
Only after conﬁrming stable fjordal circulation characteristics in our
model of the baseline conditions, we proceeded to test the response
with the bridge block. Lack of site speciﬁc data and thorough valida-
tion of the bridge effect implies that the resulting numbers may have
large uncertainty.
Recognizing the above limitations, the results must be viewed
in the spirit of preliminary sensitivity tests. Yet, the overall slow-
ing down of the residual circulation resulting in increased residence
time, are clearly noticeable supporting the hypothesis that the nat-
ural oceanographic structure of fjordal stratiﬁcation and circulation
could be disrupted by hydraulic modiﬁcation of the surface brackish
layer. In the case of Hood Canal, these results point to the possibil-
ity that the presence of the ﬂoating bridge might have increased the
residence times in the basin by 8–13%. Site-speciﬁc ﬁeld measure-
ment of eddy viscosity and validation using ﬁeld observations and
three-dimensional numerical models would help assess with higher
accuracy whether results presented here are realistic and if the ﬂoat-
ing bridge effect is signiﬁcant and could be a key factor affecting DO
levels in Hood Canal.
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Appendix A: Analytical solution for tidally averaged circulation in
fjord-like estuaries
Following the treatment presented in Khangaonkar et al. [26], and
using exponentially varyingdeﬁnitions ofKm andKsdiscussed earlier,
the governing equations for tide-averaged longitudinal velocity u,
and the depth varying component of salinity s′[s’(ζ ) = s − s(ζ )] are
reduced to the following:
Ω = Km ·
(
a2 · ∂u
∂ζ
+ 2 · a · ∂
2u
∂ζ 2
+ ∂
3u
∂ζ 3
)
(A1)
where Ω = −g · β · (∂s/∂x) · H3, ζ = z/H , H is the water depth and
∂
∂ζ
(
Ks (ζ )
(
∂s′
∂ζ
))
= α · u′ (ζ ) (A2)
where α = H2 · (∂s/∂x)and the depth varying component of ve-
locity u′ = [u(ζ ) − u].
The solution for u(ζ ) is obtained by integrating Eq. (A1) with re-
spect to ζ subject to the conditions that ∂u/∂ζ = 0 at ζ = 0 (free
surface zero shear assumption) and u(ζ ) = 0 at ζ = −1 (zero velocity
at the sea bed). Also, the depth-averaged velocity, u = Qr/(H · W) =∫ 0
−1u(ζ ) · dζ , where Qr is the freshwater river inﬂow, and H and W
are the water depth and width of an estuary of rectangular cross sec-
tion. This tide-averaged longitudinal velocity solution of (A1) , also
referred to as the “variable Km solution,” is given below:
u (ζ ) = C 1
Kmo
· e
−aζ · (aζ + 1)
a2
−
Ω
Kmo
· e
−aζ (ζ 2
a
+ 2ζ
a2
+ 2
a3
)
+ C 3
(A3)
where u = longitudinal velocity (m/s ):
u = Qr
H · W =
∫ 0
−1
u (ζ ) · dζ
a = depth penetration factor used in deﬁning exponential variation
of Km and Ks
and Kmo = Eddy viscosity at the free surface:
Km (ζ ) = Kmo · ea·ζ
Ks (ζ ) = δ · Km (ζ ) = δ · Kmo · ea·ζ
∂s/∂x = depth averaged salinity gradient and
β is the constant in equation of state ≈7.7 × 10−4 psu−1.
Δ =
(
1
a
− 2
a2
+ 2
a3
)
I1 =
ea − 1
a
; I2 =
ea · (1 − a) − 1
a2
; I3 = ea · Δ −
2
a3
J1 =
(
I3
a
+ 2 · I2
a2
+ 2 · I1
a3
)
; J2 =
a · I2 + I1
a2
C 1 = (u · Kmo − (/2) · (Δ · e
a − J1))
( J2 − (ea · (1 − a) /aa))
;
C 3 = Ω · Δ · e
a
2 · Kmo −
C1
Kmo
· e
a (1 − a)
a2
The variable Ks solution for the depth-varying component of salin-
ity is obtained by integration of Eq. (A2) using the velocity solu-
tion u’ = [u(ζ ) − u] provided by Eq. (A3) and subject to conditions
that there is no salt exchange across the free surface boundary, i.e.,
∂s′/∂ζ = 0atζ =0and thedepthaverageof s’=0, or (∫ 0−1s′(ζ )dζ = 0).
s′(ζ ) = α
δ · Kmo
⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩
C 1
Kmo
· e
−2aζ (2aζ + 5)
4a4
− Ω
2 · Kmo
e−2aζ
(
1
a2
(
ζ 2
2a
+ 2ζ
4a2
+ 2
8a3
)
+ 2
a5
(aζ + 2))
)
− (C 3 − u) ·e
−aζ (aζ + 1)
a2
⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭
− e
−aζ
a
D1 · +D2
(A4)
where
M1 =
(
e2a − 1
2a
)
; M2 =
(
e2a · (1 − 2a) − 1
4a2
)
;
M3 =
(
e2a
(
1
2a
− 2
4a2
+ 2
8a3
)
− 2
8a3
)
D1 = α
δ·Kmo (− 3·ΩKmo·a4 +
2·C 1
Kmo·a3 ), and
D2 = α
δ · Kmo
⎧⎪⎪⎪⎪⎪⎨
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− C 1
Kmo
· (2aM2 + 5M1)
4a4
+ Ω
2 · Kmo ·
(
1
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(
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2a
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4a2
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8a3
)
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(aM2 + 2M1)
)
+ (C 3 − u) ·(aI2 + I1)
a2
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+ I1
a
D1
.
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Appendix B: Analytical solution for tidally averaged circulation in
fjord-like estuaries—ﬂexible lid free surface constraint
The effect of the ﬂexible lid is assumed to be limited to forcing the
free surface velocity to zero only; i.e., the free surfacemoves vertically
with the tidal motion allowing the tide to propagate. The solution
for the velocity proﬁle is obtained by integrating Eq. (A1) using the
conditions that u(ζ ) = 0 at the free surface (ζ = 0) and u(ζ ) = 0 at
the sea bed (ζ = −1), and as before, the depth-averaged velocity is
u = Qr/H · W =
∫ 0
−1u(ζ ) · dζ , whereQr is the freshwater river inﬂow,
and H and W are the water depth and width of the estuary with a
rectangular cross section.
The tide-averaged longitudinal velocity ul with the ﬂexible lid is
given as follows:
ul (ζ ) = C 1l
Kmo
· e
−aζ · (aζ + 1)
a2
− Ω
Kmo
·
e−aζ
(
ζ 2
a
+ 2ζ
a2
+ 2
a3
)
+ C 2l
Kmo
· e
−aζ
a
+ C 3l
(B1)
where
K 1 = Ω
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·
(
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2I2
·
(
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)
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2
·(
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a
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)
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·
[
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·
(
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)
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a
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a
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]
C 2l = u− K 1
K 2
; C 1l =
(
Ω · I3
2 · I2
− C 2l · I1
I2
)
;
C3l = −
C 2l
Kmo · a +
Ω
Kmo · a3 −
C 1l
Kmo · a2
A corresponding solution for the salinity proﬁle is obtained by inte-
grating Eq. (A2) using the altered velocity proﬁle with the lid pro-
vided by Eq. (B1) and u’ = [ul (ζ ) − u]. Boundary conditions are used
such that there is no salt exchange across the free surface boundary
(∂s′l/∂ζ = 0 at ζ = 0), and the depth average of s′l (
∫
s′l (ζ )dζ = 0). The
depth-varying salinity with bridge s′l (ζ ) is given by
s’l (ζ ) =
α
δ · Kmo
⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩
C 1l
Kmo
· e
−2aζ (2aζ + 5)
4a4
− Ω
2 · Kmo
e−2aζ
(
1
a2
(
ζ 2
2a
+ 2ζ
4a2
+ 2
8a3
)
+ 2
a5
(aζ + 2))
)
+ C 2l
Kmo
· e
−2aζ
2a3
− (C 3 − u) ·e
−aζ (aζ + 1)
a2
⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭
− e
−aζ
a
D1l · +D2l
(B2)
where
M1, M2, andM3, are as deﬁned previously as part of Eq. (A4) and
D1l = α
δ · Kmo
(
− 3 ·Ω
Kmo · a4 +
2 · C 1l
Kmo · a3 +
C 2l
Kmo.a2
)
D2l = α
δ · Kmo⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩
− C 1l
Kmo
· (2aM2 + 5M1)
4a4
+ Ω
2 · Kmo
·
(
1
a2
(
M3
2a
+ 2M2
4a2
+ 2M1
8a3
)
+ 2
a5
(aM2 + 2M1)))
− C 2l
Kmo
· M1
2a3
+ (C 3l − u) ·(aI2 + I1)
a2
⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭
+ I1
a
D1
Salinity proﬁles similar to the no-bridge condition are then ob-
tained using the deﬁnition sl (ζ ) = s′l (ζ ) + s and the assumption that
at the seabed salinity may be assumed equal to ocean salinity
(s′l (−1) = socn).
Eqs. (B1) and (B2), with free surface restriction similar to the orig-
inal solutions presented previously in Eqs. (A3) and (A4), assume
that the depth-averaged salinity gradient (∂s/∂x) is a constant on an
estuary-wide scalewith salinity varying from 0 to Socn over the length
of the estuary.
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